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Phase transitions in solids are accompanied by interesting changes in many 
of the material properties. Measurement of any sensitive property across the 
phase transition, in principle, provides a means of investigating the 
transition. Accordingly, several techniques of varying degrees of 
sophistication have been employed to study the phase transition of solids, 
Changes in properties at the phase transition are often of technological 
interest, and several material applications have been discovered. 
The thesis has been categorized into General Introduction (Chapter 1), 
Chapter 2: Study of electrical conductivity changes and phase transitions in 
CrOs doped ZrOi, Chapter 3: Study of electrical conductivity changes and 
phase transitions in Cr203 doped Zr02, Chapter 4: Study of electrical 
conductivity changes and phase transitions in V2O5 doped Zr02, Chapter 5: 
Study of electrical conductivity changes and phase transitions in Ag20 
doped Zr02, Chapter 6: Study of electrical conductivity changes and phase 
transitions in Ti02 doped Zr02, and Chapter 7: Study of electrical 
conductivity changes and phase transitions in C03O4 doped Zr02. 
Chapter 1: General Introduction 
Introduction forms the foundation stone of the thesis that gives us the 
brief idea about the phase transition of Zr02. Oxide-ion conducting solid 
^ ^ ^ ^ ^ * 
electrolytes are employed in many devices such as oxygen sensors, fuel 
cells, oxygen pumps, electrochemical reactors and steam electrolysis cells. 
In addition, these materials are widely used in the metallurgical industry and 
for obtaining thermodynamic data such as the free energy of formation of 
binary and ternary metal oxides. In order to understand the conductivity 
behavior in zirconia-based electrolytes, knowledge of the phase assemblage 
and how it changes with temperature and time is essential. Zr02 (zirconia) 
exists in three different structures. At room temperature monoclinic (m) 
zirconia is the stable form and on heating Zr02 (m) -^ Zr02 (t) (tetragonal) 
and Zr02 (t) -^ Zr02 (c) (cubic) phase transformations occur at 1160 and 
2370°C respectively. The cubic phase is stable up to the melting point 
(2680°C) of zirconia. All these phase transformations are martensitic in 
nature and reversible. Several metal oxides (MO and M2O3) stabilize the 
high-temperature cubic and tetragonal structures at lower temperature by 
forming solid solutions with Zr02. These metal cations, substitute Zr'*^  in the 
lattice sites and as a result of their lower valence state also create vacancies 
in the oxygen sublattice. The composition range over which tetragonal and 
cubic structures exist is narrow and temperature dependent, and is 
determined by the type of the dopant added. The most commonly studied 
systems are those stabilized with the addition of CaO, MgO, Y2O3, Cr203 and 
other rare-earth oxides. In this work, the ionic conducting properties of Zr02, 
its phase transition and stability at different temperatures are discussed. The 
data obtained with techniques such as electrical conductivity measurement 
with two-probe method, X-ray diffraction and differential thermal analysis, 
have been used to understand the conductivity change and phase transitions 
in Zr02. 
Chapter 2: Study of Electrical Conductivity Changes and Phase 
Transitions in CrOj Doped ZrOi. 
The electrical conductivity and dielectric constant of Zr02 doped with 
CrOs have been measured at different temperatures for different molar 
ratios. The electrical conductivity increases due to hopping of oxygen ions 
and migration of oxygen vacancies. The dielectric constant increases due to 
increase in grain size and the subsequent decrease is due to hopping of 
charge carriers. The X-ray diffraction and IR studies were carried out for 
confirming doping effect and transition in Zr02. 
Chapter 3: Study of Electrical Conductivity Changes and Phase 
Transitions in Cr203 Doped ZrOi. 
Electrical conductivity of Zr02 doped with Cr203 has been measured at 
different temperatures for various molar ratios, at different frequencies. On 
doping a rise in conductivity is obtained due to migration of oxygen 
^ ^ 
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vacancies created. The non - linear behavior was observed for all the doped 
samples studied. It was shown that an increase in concentration of Cr203 in 
Zr02, results in increase in the activation energy in the lower as well as the 
higher temperature ranges. Phase transition of Zr02 around 500°C from 
monoclinic to tetragonal form in all the compositions is confirmed by 
electrical conductivity change and DTA. XRD results show traces of 
tetragonal form of Zr02 along with the monoclinic form, at room 
temperature, since by doping, the high temperature phases are retained at 
lower temperatures to some extent. 
Chapter 4: Study of Electrical Conductivity Changes and Phase 
Transitions in V2O5 Doped ZrOi. 
Electrical conductivity has been measured at different temperatures for 
Zr02 doped with various molar ratios of V2O5. The conductivity is found to 
increase with rise in temperature till 300°C and thereafter decreases due to 
collapse of the fluorite framework. The electrical conductivity of Zr02 
increases with increasing vanadium ion substitution and reaches to a 
maximum for 4-mol% V2O5. The increase in conductivity with increasing 
addition of V2O5 is probably due to intermediary role of interstitial oxygen 
ions. The V^^  cations are partially reduced to a V"*^  valence state. The 
semiconducting properties arise from hopping of unpaired electrons between 
the V^^  and V"^ ^ cations, V"^ ^ ions can directly replace Tx^^ ions in the cationic 
sublattice of Zr02 as it possesses similar charge and almost equal cationic 
radius. 
Electrical conductivity changes and DTA show that the phase transition in 
Zr02 shifts from 460°C to about 720*'C on doping with V2O5. The degree of 
shift increases with increase in concentration of V2O5. X-ray powder 
diffraction was carried out for confirming phase transitions in the samples. 
Chapter 5: Study of Electrical Conductivity Changes and Phase 
Transitions in AgiO Doped ZrOi. 
Electrical conductivity has been measured at different temperatures for 
Zr02 doped with various molar ratios of Ag20. The conductivity increases 
due to migration of vacancies, created by doping. The conductivity also rises 
due to 'lattice loosening effect'. The introduction of larger Ag^ ion (rxg^ = 
1.26 A and rzr^ ^ = 0.79 A) generates additional free volume and weakens the 
lattice bonding forces, which permits greater facility to oxygen mobility and 
thus increases conductivity. The conductivity is also found to increase with 
rise in temperature till 180°C and thereafter decreases due to collapse of the 
fluorite framework, 
A second rise in conductivity in the doped samples around 473°C is 
observed due to phase transition of Zr02. X-ray powder diffraction recorded 
at high temperature show the effect of doping and the phase 
relationships of doped materials. DTA was also carried out for 
confirming doping effect and phase transition in samples. 
Chapter 6: Study of Electrical Conductivity Changes and Phase 
Transitions in TiOi Doped ZrOi-
The electrical conductivity in ZrOa doped with various molar ratios 
of Ti02 has been measured at different temperatures. Phase transitions 
depending on the temperature for different molar compositions were 
investigated by doping of the samples. In this case, Ti"^ ^ ion occupying 
a zirconium site cannot introduce any additional oxygen vacancy, as 
zirconium ion and titanium ion are isovalent. The size of Ti^^ (0.68A) 
is smaller than Zr"*^  (0.79A) and consequently this size difference 
could encourage the creation of oxygen vacancies. This phenomenon 
is often called as "size effect". It is normally recognized that the size 
difference between dopant and host ions causes the distortion of 
lattice structure and lowers the activation energy of oxygen vacancy 
formation. Hence the electrical conductivity increases with increase in 
dopant concentration. The conductivity is also found to increase with 
rise in temperature till 200*^0 and thereafter decreases due to collapse 
of the fluorite framework. 
A second rise in conductivity in the doped samples around 462*^ C is 
observed due to phase transition of Zr02. X-ray powder diffraction 
recorded at high temperature show the effect of doping and the phase 
relationships of doped materials. DTA was also carried out for 
confirming doping effect and phase transition in samples. 
Chapter 7: Study of Electrical Conductivity Changes and Phase 
Transitions in C03O4 Doped ZrOi. 
The Electrical conductivity of Zr02 doped with C03O4 has been 
measured at various temperatures for different molar ratios. The 
percentage of Zr02 is fixed while the percentage of C03O4 was varied. 
The conductivity increases due to migration of vacancies, created by 
doping. The conductivity is also found to increase with rise in 
temperature till 120°C and after attaining a maximum the conductivity 
decreases due to collapse of fluorite framework. 
A second rise in conductivity at 460°C in all the compositions, 
confirms phase transition in Zr02 from monoclinic to tetragonal at 
460"C. DTA studies were carried out for confirming the doping effect 
and transition in Zr02. 
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The study of solid-state ionics ushers in a new era of chemically functional 
materials. These chemically functional materials provide a promise for the 
future as they allow the harnessing of our natural hydrocarbon energy resources 
through highly efficient and non-polluting methods. This chemical 
fimctionality arises out of the defect equilibria of those materials, and results m 
the ability to transport chemical species and actively participate in chemical 
reactions at their surfaces [ 1 ]. 
Oxide ion conductors are an exciting class of materials and are involved in 
an increasing number of application domains. Oxide ion conduction is a 
specific property of solids discovered more than a century ago by Nemst in 
zirconia derivatives. Because of the lack of high performance materials, 
applications of oxide electrolytes were confined, for a long time, to specific 
domains that do not need high current densities; for instance, oxygen sensors. 
The reason for this confmement is that oxide ion is a big double-charged ion 
(radius (r) ~ 1.40 A) that strongly interacts with the cation network. High 
mobility of such a species implies very specific structural features. To reduce 
the operating temperature and/or to allow high current densities, research is 
being done on large scale to improve the known materials (mainly, zirconia-
based electrolytes) and to find new phases or families of materials, which may 
satisfy the increasing variety of needs. Because of both of these 
aspects, great strides forward have been made and oxide ion conductors 
now have realistic possibilities for development in the near future in 
fuel cells, dense membranes for oxygen separation, and catalysis. 
Several reviews and papers have already been devoted to oxide 
conductors [2 - 9], focusing mainly on a specific class of materials. 
1.1. Fluorite-Type Oxide Electrolytes 
From a historical point of view, this class of materials has been most 
widely investigated, mainly because of the extensive research works 
conducted on stabilized zirconia for applications in solid oxide fuel cell 
(SOFC). Depending on the temperature, pure Zr02 exhibits three 
different crystallographic polymorphs, namely monoclinic, tetragonal 
and cubic. The distorted tetragonal and cubic fluorite polymorphs are 
built on the basis of a Zr'*"^  cation fee packing with oxide ions located in 
the tetrahedral sites of the structure (Figure 1.1). To get oxide 
conduction properties, part of Zr"*^  must be substituted by another 
cation with a lower valence state (mainly Ca^ ,^ Sc^ ,^ Y^ ,^ or rare-earth 
cation). This doping, leads first to stabilization of the cubic or the 
tetragonal form, depending on the annealing temperature and the dopant 
concentration, and secondly, to simultaneous creation of vacancies 
in the anion network in order to maintain the electrical neutrality. 
0°'" ion ^% Host cation (4+) 
^ ) Dopant cation < ( ^ Vacancy 
(2+or 3+) ^^ 
Figure 1.1. The fluorite structure of solid oxides. Oxides with this structure 
have high ionic conductivity when the host cations (such as 
Zr"*"^ ) are replaced by lower-valent cations such as Y^ .^ The 
missing charge is balanced by the formation of oxygen 
vacancies in the oxide-ion sublattice, resulting in impressive 
ionic conductivity. 
The ionic conductivity of stabilized zirconia at a given temperature 
depends on the nature and the concentration of the aliovalent cation. The 
radius of this aliovalent cation plays a major role. The conductivity 
increases, as the radius gets closer to that of Zr'*^  (rvm = 0.84 A). The best 
value is reached for Sc^^ (rvm = 0.87 A) with a a value equal to 0.1 Scm"^  
at 800°C for (Zr02)o.9(Sc203)o.i. On doping Zr02 with an aliovalent 
cation, the extrinsic conductivity first increases sharply and then 
decreases despite the linear increase in the number of vacancies. This 
result can be explained by defect interactions between doping cations and 
vacancies that can no longer contribute to the conduction process [2]. 
Numerous solid-state materials conduct cations (e.g., Li^ and Na^) and 
anions (e.g., F" and O "^ ) and are therefore chemically functional. These 
materials are being investigated, and used for a wide variety of 
technological applications. Their required functionality goes far beyond 
mechanical strength and toughness, to include such properties as ionic and 
electronic conductivity, thermochemical stability, and catalytic activity. 
These latter properties arise out of their defect chemistry and resultant 
wide range in oxygen stoichiometry. Depending on their defect chemistry 
and environment, these materials can exhibit exclusively ionic 
(electrolyte) or electronic conduction, or mixed (both ionic and 
electronic) conduction [1]. 
Ionic conduction involves hopping of an ion from an occupied to a vacant 
lattice (or interstitials) site, as shown in Figure 1.2a. At high temperatures, the 
ionic conductivity of these solid-state materials is comparable to that of 
aqueous solutions at ambient conditions. For example, at 800°C the ionic 
conductivity of yttria-stabilized zirconia (YSZ) is 0.1 Scm'', and in fact, there 
are numerous oxides that have significantly higher conductivity at lower 
temperatures. The high conductivity of these materials is attributed to the high 
concentration of mobile defects: oxygen vacancies (Vo"), oxygen interstitials 
(Oi"), electrons (e'), and electron holes (h) . Each of these defects can be treated 
as chemical specie and its concentration determined from thermodynamics. 
By evaluating the heterogeneous equilibrium between gaseous oxygen and 
the solid-state, 
Oo'=l /202 + V o ' + 2 e ' (1.1) 
and combining it with the internal chemical equilibria for ionic defect and 
electron-hole pair formation and the concentration of aliovalent dopants (such 
as Y^^  on a Zr'*^  site - Yzr')> one can calculate the concentration of all species as 
a function of the external oxygen partial pressure, P02. This solution for the 
defect concentrations is shown graphically in a typical electrolyte defect 
equilibrium diagram, Figure 1.2b [9, 10]. This diagram shows three regions, 
low, intermediate, and high P02, in which a pair of defects dominates the 
neutrality relationship due to their relative high concentration. Thus the same 
material can exhibit respectively, n-type and p-type ionic conductivity 
depending on P02. Each of the mobile species is then transported through the 
material in response to an applied chemical (due to AP02) or electrical 
potential. 
Oxide materials such as YSZ, rare earth doped ceria, rare earth doped 
bismuth oxide, and doped lanthanum gallates have been widely investigated 
as oxide ion conductors. Of these materials, YSZ has been most successfully 
employed. The yttrium oxide dopant has dual role: it stabilizes the high 
temperature cubic phase in zirconia and also generates oxygen vacancies 
through the following defect reaction: 
Y2O3 = 2Yzr' + 3 Oo'' + Vo" • (1.2) 
where Yzr' represents yttrium present at zirconium sites and Oo" represents 
oxygen atoms at normal sites, thus creating more of the conducting species 
(Vo-). 
The high oxide ion conductivity over wide ranges of temperature and 
oxygen pressure in these materials has led to their use as electrolytes in a 
variety of electrochemical applications. High temperature solid oxide fuel 
cells (SOFCs) for electric power generation are now nearing 
commercialization. Oxygen sensors are widely used in combustion control, 
especially in automobiles, atmosphere control in furnaces, and as monitors of 






























Figure 1.2. (a) Mechanism of transport from an occupied (tetrahedrally 
coordinated) anion lattice site to a vacant anion site in a 
fluorite oxide; 
(b) Concentration of defects in yttria-stabilized zirconia as a 
function of PQI* 
1.2. Perovskite-Type Oxide Electrolytes 
Materials that adopt the very stable perovskite-type structure are involved in 
many domains where high performance electrical properties are needed. These 
domains include electronic conductors, ferroelectric materials, and high Tc 
superconductors. The reason for perovskite-type oxide electrolytes being 
desirable in these situations is the great geometrical and chemical flexibility of 
the perovskite structure. The ideal structure is presented in Figure 1.3. This 
structure corresponds to the basic formula ABO3 where A can be a single-
charged, 2 ,^ or 3^ cation, and B, depending on the oxidation state of A, is a 5 ,^ 
4 ,^ or 3^ cation. Depending on the relative sizes of A and B ions, the ideal cubic 
symmetry of unit cell may progressively get lower according to the 
importance of the deviation of the (/?A + Ro)l{R^ + RQ) ratio from the ideal 
V2 value [2]. 
Substitution of A or/and B cations by aliovalent dopants is, like in fluorite 
materials, an easy way to introduce vacancies in the anion network that may 
lead to significant oxygen mobility. It must however be emphasized that very 
large number of vacancies can induce structural deformations. From an 
historical point of view, perovskite phases have been first considered as 
possible electrode materials for SOFCs, and numerous studies have been 
devoted to various doped lanthanum manganites and cobaltites exhibiting high 
electronic conductivity [2]. 
Figure 1.3. Polyhedron stacking in perovskite-type structure. 
The existence of oxide ion conductivity in a perovskite material was first 
reported by Takahashi et al, [12] on a calcium-doped lanthanum aluminate, but 
the discovery of really attractive oxygen conduction properties is rather recent. 
Some of these research works were dictated by the predictive approach of Cook 
and Sammels [13] who defined three optimized criteria for a high oxide ion 
conductivity in perovskite materials: a low mean value of metal-oxygen 
bonding energy, an open structure (high free volume), and a critical cation 
bottleneck for O '^ migration as large as possible. These criteria mean that both, 
the radii and the valence state of cations A and B are the determining factors. 
Over the past decade, considerable improvements have been made in the 
field of fast oxide ion conductors. The synthesis of a new family of materials 
leading to both, an increase in the performances and a better understanding of 
the fundamentals of oxide ion conduction mechanisms are together 
responsible for these improvements. New fields of applications have appeared 
because of the signific£int reduction of operating temperatures of some of 
these new phases. In addition to the intrinsic basic properties, the role of 
microstructure has been emphasized, leading to the development of new 
routes for solid synthesis and new techniques for ceramic manufacturing. 
Composite materials with optimized individual properties and good chemical 
and mechanical compatibility have also been the objects of numerous research 
works [2]. 
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13. General Features of Phase Transitions 
A variety of solids exhibit transfomiations from one crystal structure to another 
as the temperature or pressure is varied (polymorphism). Besides such phase 
transitions involving changes in atomic configuration, sometimes solids also 
undergo transformations where the electronic or the spin configuration changes. 
The subject of phase transitions has grown enormously in recent years, with 
new types of transitions, as well as new approaches to explain the phenomena 
being reported extensively in the literature [14,15]. 
During a phase transition, the free energy of the solid remains continuous, 
but thermodynamic quantities such as entropy, volimie, and heat capacity 
exhibit discontinuous changes. Phase transitions are generally classified as 
first-order or second-order, depending on which derivative of the Gibbs free 
energy, G, shows a discontinuous change at the transition. In a first-order 
transition where the G (P, T) surfaces of the parent and product phases intersect 
sharply, the entropy and the volume show discontinuity. In second-order 
transitions, on the other hand, the heat capacity, compressibility, or thermal 
expansivity show discontinuity [14]. 
Landau introduced the concept of an order parameter, ^, which is a measure 
of the order resulting from a phase transition. In a first-order transition (e.g., 
liquid-crystal), the change in ^ is also continuous. Landau, proposed that G in a 
second-order (or structural) phase transition is not only a frmction of P and T 
11 
but also of 4 and, expanded G, as a series in powers of 4 around the 
transition point. The order parameter vanishes at the critical temperature, Tc, 
in such transitions. Landau also considered the symmetry changes across 
phase transitions. Thus, a transition from a phase of high symmetry to one of 
low symmetry is accompanied by an order parameter. In a second-order 
transition, certain elements of symmetry appear or disappezir across the 
transition. For example, when the tetragonal ferroelectric BaTiOj in which 
the dipoles are all ordered, transforms to the cubic, paraelectric phase, where 
the dipoles are randomly oriented, there is an increase in symmetry 
(appearance of certain symmetry elements) but decrease in order. In a 
ferroelectric-pEiraelectric transition, electric polarization is the order 
parameter; in ferromagnetic-paramagnetic transition, magnetization is the 
order parameter [14]. 
Another important aspect of phase transitions in solids is the presence 
of soft modes. Operationally, a soft mode is a collective excitation whose 
frequency decreases anomalously as the transition point is reached. In 
second-order transitions, the soft mode frequency goes to zero at 7c, but in 
first-order transitions, the phase change occurs before the mode frequency 
goes to zero. Soft modes have been found to accompany a variety of solid-
state transitions, including those of superconductors and organic solids [14, 
16]. Occurrence of soft modes in phase transitions can be mferred from 
12 
Landau's treatment wherein atomic displacements might themselves be 
considered to represent an order parameter. 
It has been found convenient to classify phase transition in solids on the 
basis of its mechanism [15]. Three important kinds of transitions which 
commonly occur are as follows: (i) nucleation and growth transitions, a typical 
example being the anatase-rutile transformation of TiOa, (ii) positional and 
orientational order-disorder transitions, and (iii) martensitic transitions. A 
typical example of a positional order-disorder transition is that of Agl; many 
solids such as ammonium halides, plastic crystals, and salts of di- or 
polyatomic anions exhibit orientational order-disorder transitions. A martensitic 
transition is a structural change caused by atomic displacements. These 
transitions occur in several inorganic solids such as KTao.65Nbo.35O3 and Zr02. 
On the basis of the crystal chemistry, we can predict the nature of structural 
changes in the phase transitions of simple ionic solids. Thus, the Bom model 
satisfactorily explains the relative stabilities of structures of simple ionic solids. 
On the basis of ionicity considerations, we can account for the structures of 
binary compounds such as from third to fifth group and second to sixth group 
[14]. Some years ago, Burger [17] classified phase transitions in solids on the 
basis of changes in the primary or higher coordination. Transformations 
involving changes in primary coordination (e.g., CsCl structure-NaCl structure, 
aragonite-calcite) can be reconstructive or dilatational. Transformations 
13 
involving changes in second or higher coordination (e.g., a-Pquqrtz, tetragonal-
cubic transition of BaTiOa) can be reconstructive or displasive. Burger 
suggested that transformations involving changes in primary coordination such 
as in the CsCl-NaCl transition can occur more readily by a dilatational or 
deformational mechanism rather than by a drastic mechanism necessitating the 
breaking and making of bonds (Figure 1.4). It is interesting that the CsCl-NaCI 
transition is now considered to be martensitic with orientational relations 
between the two phases. It seems likely that phase transitions of many 
inorganic solids do not require diffusion and mvolve a deformational 
mechanism, wherein the parent and product phases have orientational 
relationships. Many such transitions may also exhibit soft mode behavior, an 
aspect that is worthy of investigation [14]. 
The above discussion should serve to indicate the variety of problems in the 
area of phase transitions that are of relevance to solid-state chemistry. Of 
course there are other important aspects of phase transitions, such as Jahn-
Teller Effect, commensurate-incommensurate structure transitions and 
transitions in ferroelectrics. Some other aspects of phase transitions that 
deserve attention are transitions in organic solids and transitions involving 
ordering of defects. Computer simulation studies are bound to be increasingly 
useful in understanding the nature of many of the solid-state phase transition 
[14]. 
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Figure 1.4. Dialatation transformation from CsCl structure to NaCl 
structure of an AB-type compound. Symmetry about the 
unique axis of dilatation (3m) is preserved. 
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1.4. Role of Defects and the Real Structure of Defect Solids 
The presence of native point defects in ionic crystals and their role in 
determinuig various equilibrium and transport properties are well understood. 
Presence of native point defects in near-equilibrium concentrations may not 
have a significant role in phase transitions of ionic solids, as demonstrated 
recently in the case of CsCl [18]. In systems where deviations in the occupancy 
of anion and cation sites are large compared to the assigned crystal structure 
(e.g., 1 to 20% sites associated with vacancies or interstitials), the point-defect 
model would not be applicable. Recent experimental evidence shows that the 
real structures of such solids involve complexation or ordering of defects, often 
giving rise to new structural ramification. It is therefore important to 
understand the "real" structure of defect solids in interpreting their properties 
and phase transitions. 
Monoxides (MO) of transition metals, which generally possess the NaCl 
structure, serve to show the nature of defect ordering. Recent X-ray and neutron 
diffraction studies, as well as MOssbauer studies, [19, 20] show the formation 
of a defect complex with four tetrahedral M atoms surrounded by thirteen 
vacant sites giving the ratio of octahedral cation vacancies to tetrahedral cation 
(Figure 1.5). Obviously, the defect center is much more complex than simple 
cation vacancies or their aggregates. There is a change in rock salt matrix, and a 
new structure compatible with the NaCl matrix is formed. The empty 
16 
octahedral vacancies in the complex are not really vacancies and the complex 
has to dissociate if point defect attributes to the vacancies (e.g., diffusion) are to 
manifest themselves. As such, there is a very low concentration of true cation 
vacancies in Mi.xO. 
A case of defect complex formation is found in anion-deficient oxides of 
fluorite structure [21] shown in Figure 1.5. Ordered clusters of this type along 
<111> are found in M7O12 and their intermediate phases. Another defect fluorite 
phase, where empty anion sites in M2O3 are filled by oxygens, is also known; this 
phase, which extends up to MO1.67, is indeed immiscible with MO1.71 (M7O12), 
showing that that \<^ e are not dealing witii simple vacancies. Such defect clusters 
are also formed in Zr02-Y203 systems. In anion excess fluorides containing high 
defect concentrations, 2:2:2 clusters (two vacancies and two interstitials in each of 
two types of sites) are found to exist [22]. When anion excess is not large, the 
excess anions occupy the interstitial positions, which can be treated as point 
defects. We thus see that point-defect disorder is transformed into defect 
complexes at high concentration of defects. The reconstructed units in these defect 
solids are such as to intergrow coherently in three dimensions. Randomization of 
defects and wide-range disordered compositions are generally found at high 
temperatures, and the low-temperature structures are almost always well-defined 
order phases. The role of dislocations in determining various chemical and 




Figure 1.5. (a) Koch-Cohen cluster in Mj.^ O: full circle, octahedral M 
atom; shaded circle, tetrahedral M atom; open circle, 
octahedral M vacancy. 
(b) Associated pairs of vacant anion sites in substoichiometric 
fluorite structure. 
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1.5. Techniques employed in the Study of Phase transitions 
Several techniques employed to investigate phase transitions, depend on the 
nature of the solid. Such studies are not only of academic value in 
understanding the structural and mechanistic aspect of phase transitions, but 
can also be of technological importance. The literature abounds studies of 
phase transitions in solids using a wide range of techniques including 
electrical conductivity, X-ray diffraction, thermal and other measurements 
[24]. 
1.5.1. Electrical conductivity 
In ionic crystals, the conductivity is due mainly to the migration of vacancies or 
interstitials. Usually electrical conduction by one or other type of charge carrier 
predominates, but in some inorganic materials both ionic and electronic 
conduction are appreciable. 
For any material and charge carriers, the specific conductivity is given by 
o = 2:njqjHj (1.3) 
j 
where nj, c[j and i^j are the concentration, electrical charge, and mobility, 
respectively, of the jth mobile charge carrier, and the summation is over the 
different types of charge carriers. In general, the temperature dependence of n 
can be quite complicated since it can be influenced by the relative amounts of 
intrinsic defects and impurities as well as the possible association and/or 
precipitation [25] of these impurities and defects. 
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In the extrinsic region n is determined by the concentration of impurities; 
however, in the intrinsic region the concentration of intrinsic defects is given 
by 
n = N exp (AS^2k) exp (-AH/2kT) (1.4) 
here, ASf and AHf are the entropy and enthalpy, respectively, associated with 
formation of the defects. 
Not only is concentration of intrinsic defects and activated process, but so is 
the motion of defects as well, since work is required to move the defect from its 
equilibrium position of minimum energy to the saddle point which separate it 
from another position of minimum energy. The rate at a defect which traverses 
a barrier, is 
l / p = V exp (-AGn/kT), (1.5) 
where AGm is the free energy required to move the defect across the energy 
barrier, and v is the vibrational frequency of the defect in the direction which 
carries it over the barrier, v is usually a difficult quantity to estimate since it 
relates to a defective region of the crystal. A usefiil approximation is to equate 
v with the Debye frequency for cases where the diffusing species has a 
comparable mass to the atoms of the host crystal. 
The diffusion coefficient (isofropic case) is given by 
D = Ar^r'^ (1.6) 
where A is a dimensionless geometrical factor (of order unity) which depends 
20 
on the lattice type and transport mechanism, and r is jump distance. The 
mobility |X of a given species is related to the diffusion coefficient D of that 
species through the Nemst - Einstein relation 
D = nkT/q, (1.7) 
where q is the electric charge of the species. Since D is given by 
D = Avr^ exp (-AG JkT), (1.8) 
The temperature dependence of n is given by 
\i = (Aqvr^ /kT) exp (-AGn,/ kT) 
= (Aqvr^/kT) exp (AS„yk) exp {-MiJ kT), (1.9) 
where the subscript m denotes mobility. 
The conductivity in the intrinsic region where one mobile species 
dominates, can then be written as 
oT = (ANq^vr^ /k) exp (ASf/2k + ASJk) exp (-AHf/2kT - AHn/ kT) (1.10) 
In dealing with experimental data, equation (1.10) is more commonly written as 
aT = CToexp(-Ea/kT) (1.11) 
where, Ea is the activation energy, k Boltzman's constant and T absolute 
temperature. The pre-exponential factor, GQ, contains several constants, 
including the vibrational frequency of the potentially mobile ions. 
Go = (ANq\i^ /k) exp (ASf/2k + ASJk) (1.12) 
and the measured activation energy Ea is 
Ea= >/2AHf+AH, (1.13) 
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In the extrinsic region, where the change in carrier concentration with T is 
negligible, the measured activation energy is simply associated with motion of 
the mobile species (assuming that the mobility of this species dominates), and 
Ea = AH„, (1.14) 
In equation (1.14) it is assumed that the impurity concentration is sufficiently 
low so as not to influence the mobility in the lattice. 
At this point it is worth emphasizing that equation (1.10) is based on the 
Nemst - Einstein relation (Eq. 1.7) and the absolute reaction rate theory of 
diffusion. Implicit in the latter theory is the assumption that the diffusive 
process can be described in terms of equilibrium statistical mechanics. 
Although there has been some criticism of this theory, it nevertheless has been 
very successful in treating difRision and ionic conductivity data and this 
success is generally taken as the strongest evidence for its validity. 
Reference to equation (1.11) indicates that a plot of log oT versus 1/T should 
yield a linear response over the appropriate temperature region. By making 
measurements on samples with various impurities and over a sufficiently 
broad temperature range, it is possible to evaluate the various activation 
energies (or enthalpies) and pre-exponential factors (Eq. 1.12). An idealized 
response for an ionic crystal showing various conduction region of interest is 
depicted in Figure 1.6. Regions I and II are easiest to understand and are 















Figure 1.6. An Idealized representation of log T vs. 1/T showing the 
various conduction regions observed in normal solid ionic 
conductors. 
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In the extrinsic region (I), the response is determined by the concentration and 
type of impurity (or dopant) present in the crystal, whereas in the intrinsic 
region (11) the response is determined by the concentration of thermally 
produced defects and by the mobility of the more mobile species of these 
defects. Deviations from region I and II can be observed at both high and 
low temperatures. Region III occurs at high temperature and signals a change 
in the conduction process. Here, usually the conduction is also intrinsic as in 
region II and the transition from region II to region III could signify a 
change, from conduction by vacancy motion to conduction by interstitials 
motion. At sufficiently low temperatures a so-called association region is 
sometimes observed. In this region decreases with decreasing temperature at 
a faster rate than in region I because the impurity and associated defect 
become bound (i. e., associate), forming a neutral pair, which does not 
contribute to the conductivity. In this region the activation energy is Ea = Vi 
AHa + AHm where AHa is the binding or association enthalpy of the 
aliovalent impurity and associate defect. 
Electrical conductivity of solids is generally measured with two- or four-
probe methods. The alternative to d.c. conductivity measurements is to use a.c. 
methods and make measurements over a wide range of frequencies; d.c. 
conductivity values can usually be extracted from the a.c. data and in favorable 
cases it is possible to obtain information about electrode capacitance, grain 
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boundary resistance and capacitance, and, the amount of electronic 
conductivity present [26]. 
1.5.2. X-ray Powder Diffraction 
An X-ray powder diffraction pattern is a set of lines or peaks, each of various 
intensities and each at a different position (d-spacing or Bragg angle, 9), on 
either a strip of photographic film or on a length of chart paper (Figure 1.7). 
The positions of (d-spacings) of the lines in a powder pattern are governed by 
the values of the unit cell parameters (a, b, c, a, P, y). For a given substance the 
line positions are essentially fixed and are characteristic of that substance. The 
intensities may vary somewhat fi"om sample to sample, depending on the 
method of sample preparation and instrumental conditions. For identification 
purposes, principal note is taken of line positions together with a semi-
quantitative consideration of intensities. 
An alternative and rather vmconventional method is to use high temperature 
X-ray powder diffraction (HTXR). High temperature X-ray powder diffraction 
is a valuable technique for obtaining structural information on polymorphs and 
phases that exist only at high temperatures. It is particularly useful for studying 
high temperature structures that cannot be preserved to room temperature by 
quenching. Other high temperature structures may be quenched to room 
temperature where they are kinetically stable and may therefore be studied at 




d - spacing (A) 
Bragg angle 6 (or 26) >• 
Figure 1.7. Schematic X-ray powder diffraction pattern. 
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1.5.3. Differential Thermal Analysis 
Differential thermal analysis is a technique in which the temperature of a 
sample is compared with that of an inert reference material during a 
programmed change of temperature. The temperature of sample and reference 
should be the same until some thermal event, such as melting, decomposition or 
change in crystal structure, occurs in the sample, in which case the sample 
temperature either lags behind (if change is endothermic) or leads (if the 
change is exothermic) the reference temperature. 
Polymorphic phase transition may be studied easily and accurately by DTA; 
since many physical and chemical properties of a particular sample may be 
modified or changed completely as a consequence of a phase transition, their 
study is extremely important. Sometimes, it may be desired to prevent a 
transition from occurring m a particular material or to modify the temperature 
at which the transition occurs. Phase transition temperatures often vary greatly 
with solid solution composition and hence DTA may provide a sensitive 
monitor of both the property and the composition of the material [26]. 
1.6. Structural Chemistry of Materials 
rhe addition of suitable dopants to Zr02 can induce dramatic phase 
stabilization, and this dopant-induced phase stabilization is the basis of 
transformation-toughening of zirconia-based structural ceramics. We discuss 
here the crystal structure of three phases of Zr02 and some dopants, in an 
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attempt to understand the interaction of the stabilizing dopants and associated 
atomic defect with the crystal structures of Zr02 and their phase transitions. 
1.6.1. Zirconium dioxide: ZrOi 
Zr02 is of great technological and scientific importance in ceramics, opticals, 
and thin-film applications, and it has also been the focus of first-principal 
studies of phase transitions and dopant-induced phase stabilization [27]. At 
temperatures below 1160°C, the monoclinic (m) phase of undoped zirconia is 
thermodynamically stable (besides the high pressure orthorhombic I and II 
structure). From 1160 to 2370°C undoped Zr02 is tetragonal (t), while above 
2370°C undoped ZrOa is cubic (c) until it melts at 2706°C [27 - 34]. Thus three 
phases are monoclinic, tetragonal, and cubic, with unit cells shown in Figure 
1.8 [35]. The structural parameters taken fi:om experiment are given in Table 1. 
Table 1 
Experimental parameters of possible structures of the ambient phases of Zr02. 




a = 5.168 
b = 5.232 
a = 3.657 
c = 5.303 











Figure 1.8. Schematic representation of the three polymorphs of ZrOi and 
the corresponding space groups: (a) Cubic (Fm3m), 
(b) Tetragonal {P42/'nmc\ (c) Monoclinic {P2i/c). 
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1.6.2. Chromium trioxide: CrOa 
Transition-metal oxides constitute a fascinating class of inorganic solids that 
have attracted the attention of solid-state/material chemists from early days [36 
- 39]. The structure of CrOa is conventionally described as consisting of chains 
of Cr0202/2 tetrahedra [40]. Inclusion of two additional oxygens from adjacent 
chains would give a highly distorted octahedral coordination around Cr^ ^ 
(Figure 1.9). CrOa has orthorhombic structure with space group C2cm and 
lattice constants a = 4.789 A, b = 8.557 A, and c = 5.743 A [41 ]. 
(a) (b) 
Figure 1.9. (a) Structure of CrOa.In (b), the atomic positions of the CrOa 
structure are shown, revealing the highly distorted octahedral 
coordination around Cr^^ 
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1.6.3. Chromium sesquioxide: Cr203 
Corundum-type oxides have been extensively investigated because of their 
importance in mineralogical and other solid-state system. Chromium 
sesquioxide has the rhombohedral crystal structure with space group R3c [42] 
and lattice constants a = 4.9372 A, b = 13.53 A, and c = 2.7404 A [43], with 
hexagonal close-packed (001) layers of O atoms and two thirds of the 
octahedral holes in between filled by Cr atoms (Figure 1.10). 
Figure 1.10. Projection of the crystal structure of rhombohedral CriOa. 
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^ " " ^ 
1.6.4. Vanadium pentoxide: V2OS 
Some of the vanadium oxides undergo reversible metal-insulator transitions as 
a fiinction of temperature, pressure, or doping, which come along with 
magnetic transition and/or structural changes. The crystal structure of V2O5 
shows distinct deformations of the VOe octahedra, some of which are 
equivalent to those present in VO2 and V2O3. V2O5 has orthorhombic structure 
with space groupPmmn and lattice constants a= 11.512 A, b = 3.564 A, and c 
- 4.368 A [44]. The structure of V2O5 is displayed in Figure 1.11. 
Figure 1.11. Projection of the crystal structure of V2O5. 
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1.6.5. Silver oxide: Ag20 
Ag20 has the same crystal structure as CU2O, which has been widely studied in 
view of the role of copper oxides in high-7c superconducting compounds. 
Ag20 is utilized as a modifier oxide in fast ion conducting glasses of the Agl-
Ag20-B203 [45]. Ag20 has cubic structure with high symmetry (space group 
Oh"* = Pn3m) and lattice constants a = 4.74 A [46]. This structure is displayed 
in Figure 1.12. 
K ^  
Figure 1.12. Projection of the crystal structure of Ag20. 
33 
1.6.6. Titanium dioxide: Ti02 
Titanium dioxide exists in two tetragonal forms, a metastable phase, anatase, 
and a stable form, rutile. The volume free energy of the rutile phase is always 
lower than that of anatase. Therefore, on heat treatment, the anatase phase 
transforms to the stable rutile form. This transformation is a nonreversible 
metastable-to-stable transformation; the transition temperature reported in 
literature ranges from 450 to 1200°C. The transformation temperature depends 
on the nature and the structure of the precursor and the preparation conditions 
[47]. Rutile has a tetragonal {P42/mnm) structure, one of the simplest structure 
types, which can be fully described by a (unit-cell constant), c/a and u (internal 
coordinate) [48]. The structure of Ti02 is displayed in Figure 1.13. 
Figure 1.13. Projection of the crystal structure of Ti02. 
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1.6.7. Cobalt oxide: C03O4 
C03O4 is reported to undergo a transformation into CoO at 900"C [49]. 
C03O4 has a normal spinel cubic structure with space group FdSm and 
lattice constants a = 8.083 A [50]. The structure of C03O4 is displayed 




Figure 1.14. Projection of the crystal structure of C03O4. 
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Study of ^CectncaC Conductivity Cdctnges and 
(pfiase Transitions in C^Os OopedZrOz 
CHAPTER 2 
2.1. Introduction 
Oxide materials that exhibit high ionic conductivity have attracted 
considerable attention for many years owing to both the range of 
applications (such as fuel cells, gas censors, batteries, catalysts) and 
fundamental fascination of ionic transport in the crystalline solids [1-
10]. 
The best characterized, and perhaps the best understood of all the fast 
oxygen ion conductors, are those based on the doped fluorite oxides. 
However, these materials are not fast-oxygen ion conductors until they 
are doped with aliovalent cations. The introduction of aliovalent cations 
into host lattice introduces oxygen vacancies [11]. At ambient pressure, 
pure ZxQi exists in three basic polymorphs: cubic (Fm3m, fluorite) and 
tetragonal (P42/nmc, distorted fluorite) high temperature phases and a 
monoclinic (P2i/C) phase stable at room temperature. By doping with 
lower-valence cations, vacancies are created on the oxygen lattice and 
the high temperature phases are retained at room temperature [12-17]. 
Zr02 doped with cations of lower valence (Cr^^ Ca^^) is a 
technologically important material, e.g. with respect to its high ionic 
conductivity [18], The electrical conductivity of Zr02 electrolyte in 
temperature range 200-1000''C is known to be ionic in nature [19]. 
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This chapter presents the electrical conductivity and dielectric constant 
studies of Zr02 doped with CrOs with respect to the phase transition as a 
function of temperature composition variation for a sample series. X-ray 
powder diffraction and IR spectral studies examined the phase 
relationships of sample series of doped and undoped materials. 
2.2. Experimental 
2.2.1. Sample preparation 
Zr02 (Loba-chemie, India 97.0 % pure) was doped with 10, 15, 20, 30, 40 
and 50 mol percent of CrOs (Merk, India, 99.9% pure). Pellets, having a 
diameter 2.4 cm and thickness 0.1 cm, of above molar compositions were 
prepared by applying a pressure of 490 MPa with the help of a hydraulic 
press (Spectra Lab Model SL-89) and were sintered in air at 700-800°C 
for 8 hours. 
2.2.2. Conductivity and dielectric measurements 
The conductivity and dielectric measurements were performed by means of the 
two-probe method in the temperature range 20-600'*C using a GENRAD 
1659RLC Digibridge at different frequencies (lOkHz, IkHz, 120Hz, lOOHz). 
The conductivity change was found to follow same pattern at all frequencies, 
The rate of heating was maintained at l°C/min. The dielectric constant, e, was 
measured at different frequencies (lOkHz, IkHz, 120Hz, lOOHz) and the values 
of the £ at different temperatures have been calculated using the relation 
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8=11.3Ct/A (2.1) 
where C is the capacitance in pf, t is the thickness of the pellet in cm. and A the 
surface area of electrode in cm^ [20], 
2.23. X-ray powder diffraction 
X-ray diffraction spectra were recorded at room temperature using an X-ray 
diffractometer (Scintag Pad V instrument) employing CuKa radiation (A, = 
1.54060 A). The X-ray powder diffraction studies were carried out for 
confirming new phases and crystal structures at room temperature. 
2.2.4. FT-IR 
FTIR (Fourier transform infrared) spectra were recorded in transmittance 
mode on a Perkin Elmer One spectrometer. Samples were diluted (1% by 
weight) in dry KBr and scanned over range 4000-400 cm''. 
2.3. Results and discussion 
2.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity is expressed by the 
Arrehenius equation: 
a = ne^ l^ v y/kT exp (- AG*/kT) (2.2) 
= n e V v y/kT exp (AS*/k-AH*/kT) (2.3) 
where n is the number of ions per units volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the intersite 
geometric constant and AG*, AS* and AH* are activation free energy, entropy 
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and enthalpy terms respectively. The equation can be written in a simpler form 
as, 
GT = Go exp (- Ea/kT) (2.4) 
Oo being equal to neW y/k exp (AS*/k) and AH* = Ea, the activation enthalpy 
equals the experimental activation energy for ionic motion [21]. 
Increasing the CrOs concentration will lead to the introduction of more 
vacancies into the lattice and should result in high conductivity. The 
compositional variation of room temperature conductivity of CrOs is given in 
Figure 2.1. The isothermal conductivity of doped samples after initially 
decreasing and attaining a minimum at 30% CrOa, increases, as the level of 
substitution increases. Figure 2.2 shows the variation of ionic conductivity 
with temperature lor 10, 20, 30, 40 and 50 mol percent CrOs doped Zr02. 
From the figure, it may be seen that the conductivity variation does not follow 
a uniform pattern. For all compositions, the conductivity of Zr02 increases 
with addition of CrOa above room temperature. Even at room temperature the 
pattern is not uniform. For mol percentage of CrOa in the range 10 to 30 %, 
the behavior of conductivity changes is more or less similar. However, as the 
percentage concentration of CrOa increases, sharp rise in conductivity is 
more obvious. This may be due to the fact, that there are several formal 
routes that can be taken for the starting point of a host oxide, Zr02, and a 
















Figure 2.1. Compositional variation of room temperature conductivity of 
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Figure 2.2. The temperature dependence of Electrical conductivity of 
Cr03-Zr02 System. 
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A stoichiometric solid solution may in principle be obtained 
Ihcrmodynamically if one stoichiometric binary oxide enters into the lattice of 
another stoichiometric binary oxide, without loss or gain of oxygen. This 
composition will be stable at only the value of the oxygen activity for a given 
temperature. Doping of ZrOi is achieved by the substitution of the host cation 
Zr"*^  by Cr^ ,^ and as the charge of Cr^ ^ is less than that of Zr'*^  oxygen 
vacancies are introduced to maintain electroneutrality. Since Cr ^ is known to 
reduce to Cr^ ^ at high temperatures, Zr"*^  is substituted by Cr^"*^  instead of Cr^ "^  
[22]. As is evident fi-om the (Figure 2.2), compositions close to 30% CrOa and 
above show very sharp increase in the conductivities at low temperatures. After 
reaching the maximum value for equal compositions, the conductivity falls off 
with rise in temperature. This may be attributed to the fact that rising 
conductivity is, as has been explained, due to oxygen vacancy. This vacancy 
reaches a maximum (equilibrium concentration) corresponding to the 
maximum conductivity represented by the highest point in the curve. 
However, increase of temperature may not cause further production of 
oxygen vacancy; thereby a drop in the conductivity. However, between the 
temperatures 120 to 600°C the variation of conductivity for all compositions 
almost exhibits uniform behaviors. For these cases (Figure 2.2) it may be seen 
that the conductivity values for the solid solutions are intermediate between 
those obtained for the parent compounds. It is obvious that the conductivity 
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rises at lower temperature, reaches the maximum at 47°C, and then falls 
off. 
Anionic conductivity of ZrOz arises from oxygen exchange jumps into 
neighboring empty sites and resultant migration of vacancies [23]. Although 
pure Zr02 does not show high oxide-ion conductivity, divalent or trivalent 
oxide - doping enhances the conductivity, because of the increase of the oxide-
ion vacancy concentration in the fluorite structure [24, 25]. Zr02 is found to 
show a second rise in conductivity from about 460*^0, due to gradual fransition 
of monoclinic to tetragonal phase. Zr02 is reported to undergo a phase 
transition from monoclinic to tetragonal by Srinivasan et al [26]. All the doped 
samples studied by us, also show a rise in conductivity from 240"C. We 
therefore conclude that the second rise in conductivity in the doped samples is 
due to phase transition of Zr02 from monoclinic to tefragonal. 
The activation energy for ionic motion, when the concentration of CrOs in 
the doped samples is less, is much smaller as compared to that when the 
concentration of CrOa is high. This suggests that the ionic motion depends 
among other factors, on a defect forming enthalpy confribution [21], 
2.3.2 X-ray powder diffraction and FT-IR 
The X-ray patterns of Zr02, CrOs and the doped samples are shown in Figure 
2.3, The data could not be adequately modelled on the monoclinic structure 
of Zr02 [27], Cr03 has an orthorhombic structure (C2cm) and the calculated 
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lattice parameter values (±0.02A) of a = 4.789A, b = 8.557A and c = 5.743 A are 
very close to those reported in the literature a = 4.794A, b = 8.567A and c = 
5.758 A [28]. The d-values of Zr02 increase as chromium enters into the lattice 
of ZrOi- The observed d-values for 20 and 50% CrOs have been tabulated in 
Table 1 with the standard data for comparison [28, 29]. The IR studies supports 
the assertion that, as CrOs percentage increase, there is a shift in the position of 
wave number towards high side indicating greater stretching (Figure 2.4). 
Table 1 
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Figure 2.4. FT-IR spectra for CrOa-ZrOi system. 
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2.3.3. Dielectric constant 
The dielectric constant for pure, ZrOi and CrOs and for different compositions 
of these two is depicted in Figure 2.5. The compositions have been kept 
dehberately the same as that for the samples of conductivity measurements. 
The increase in dielectric constant is due to increase in the grain size [30, 31 ], 
as chromium enters the lattice of host Zr02. The dielectric constant increases 
with the increase in chromium concentration. Decrease in dielectric properties 
is attributed to hopping of charge carriers with random distribution of hopping 
distance and hopping well served in all samples [32]. 
2.4 Conclusion 
The electrical conductivity and dielectric constant of Zr02 doped with CrOs 
have been measured at different temperatures for various molar ratios. Since 
CrO^ reduces to Cr203 at higher temperatures, substitution of Zr'*^  by smaller 
and lesser valent, Cr^ ^ takes place, which leads to oxygen vacancies. The 
electrical conductivity increases due to hopping of oxygen ions and migration 
of oxygen vacancies, and the dielectric constant increases due to increase in 
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Study of ^[ectricaC Conductivity Changes and 
(pHase Transitions in C^zOs ^ opedZrOz 
CHAPTER 3 
3.1. Introduction 
3-d transition metal sesquioxides have attracted a great deal of attention with 
regard to their electromagnetic properties and structural changes. Whereas 
many of these sesquioxides (M2O3, M = Cr, Ti) have the corundum structure 
(R3C, D '^Sd) at ambient conditions, various types of transitions have been 
reported for different sesquioxides at high pressure and high temperature with 
different changes in crystal structure. Investigation of Cr203 at high pressure is 
of interest to further explore structural changes in the transition metal oxides 
[1]. 
The most well characterized, perhaps the best imderstood of all the fast 
oxygen ion conductors, are those based on the doped fluorite oxides; however 
these materials are not fast - oxygen ion conductors until they are doped with 
aliovalent cations. The introduction of aliovalent cations into the host lattice, 
introduces oxygen vacancies [2]. At ambient pressure, pure Zr02 exists in three 
basic polymorphs: cubic (Fm3m, fluorite), tetragonal (P42/nmc, distorted 
fluorite) high temperature phases and a monoclinic (P2i/c) phase stable at room 
temperature [3 -6 ] . Zirconia, Zr02, doped with lesser valent cations (e.g., Ca^^ 
is a technologically important material, due to its high ionic 
conductivity [7 - 10]. Doping is usually done by substituting lower valent 
cations into the lattice, with added effect of introducing oxygen vacancies to 
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maintain overall charge neutrality. These oxygen vacancies provide the 
equivalent sites for the oxygen ions to migrate, and are the prerequisite 
for high ionic conductivity [11]. 
The chromium oxide dopant generates oxygen vacancies through the 
following defect reaction written in the Kroger - Vink notation as: 
Cr203 -^ 2Cr'zr + 30^0 + V • o (3.1) 
i.e. an oxygen vacancy is created for every mole of the dopant Cr203. 
The high oxide ion conductivity in Cr203 - Zr02 system is attributed to 
these oxygen vacancies. 
This chapter presents the study of variation of electrical conductivity 
as a function of temperature in Zr02 doped with different mol % of 
Cr203. The phase relationships of sample series of doped and undoped 
materials were also examined by X-ray powder diffraction and DTA. 
3.2. Experimental 
3.2.1. Sample preparation 
Zr02 (Aldrich, purity 99.99%) was doped with 1, 2, 4, 6 and 8 mol 
percent of Cr203 (Aldrich, 99% pure). Pellets of above molar 
compositions having diameter 2.4 cm and thickness 0.1 cm were 
prepared by applying a pressure of 490 MPa with the help of a hydraulic 
press (Spectra Lab Model SL-89) and then annealed at 1000°C for 20 
hours in a muffle furnace. 
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3.2.2. Conductivity measurements 
The a.c. conductivity measurements were performed by means of the 
two-probe method in the temperature range 30-900°C using a GENRAD 
1659RLC Digibridge at different frequencies (10 kHz, 1 kHz, 120 Hz, 
and 100 Hz). The rate of heating was maintained at TC/min. 
3.2.3. Differential thermal analysis 
Thermal analysis of the various molar compositions was recorded 
using Perkin Elmer 7 instrument and the heating rate was 20°C per 
minute. 
3.2.4. X-ray powder diffraction 
X-ray diffractograms were recorded using an X-ray diffractometer 
(Scintag Pad V instrument) employing CuK^ radiation (A, = 1.54060 A). 
3.3. Results and discussion 
3.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a =ne^A,^vy/kTexp(-AG'/kT) (3.2) 
= ne^ X^ vy/kT exp (AS*/k-AH*/kT), (3.3) 
where n is the number of ions per unit volume, e the ionic charge, 
A, the distance between two jump positions, v the jump frequency, y 
the intersite geometry constant and AG*, AS* and AH* are activation free 
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energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as, 
a T = a 0 exp (-Ea/kT) (3.4) 
Go being equal to ne^ X^ vy/k exp (ASVk) and AH*= Ea, the activation 
enthalpy equals the experimental activation energy for ionic motion [12]. 
Anionic conductivity of Zr02 arises from hopping of oxide ions into 
neighboring empty sites and migration of resultant vacancies [13]. 
Although pure ZrOi does not show high oxide-ion conductivity, divalent 
or trivalent oxide doping enhances the conductivity, because of the 
increase in vacancy concentration in the fluorite structure [14, 15]. When 
Zr02 is doped with Cr203, increasing the dopant (Cr203) concentration 
induces more anionic vacancies into the lattice, which leads to rise in 
conductivity due to migration of oxide ions as well as vacancies. Besides, 
some oxide ions present as interstitials also contribute to conductivity, 
Figure 3.1 shows the variation of conductivity with change in composition 
at room temperature. The isothermal conductivity measured at lOkHz, is 
found to increase as the level of substitution increases, due to increase in 
the number of created vacancies. However a maximum conductivity is 
observed for 6-mol% of Cr203 at room temperature. The conductivity 
then decreases with further increase in dopant concentration, and this 
trend is accompanied by an increase in activation energy for conduction, 
59 
moP/oofCrPj 
Figure 3.1. Compositional variation of room temperature conductivity of 
CrzOj in ZrOz. 
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The decrease in conductivity at higher dopant concentration is believed to be due 
to defect ordering, vacancy clustering, or electrostatic interaction [16, 17]. 
The variation in conductivity measured at 10 kHz, with temperature for pure 
Zr02, Cr203 and various doped samples (1, 2, 3, 4, 6 and 8 mole percent of 
Cr203) are shown in Figure 3.2. It may be observed that the conductivity 
variations for the various molar ratios follow ahnost the same pattern. 
Conductivity in all the samples initially increases with rise in temperature and 
after attaining a meiximum at around 230°C, decreases. The initial increase in 
conductivity with rise in temperature, is due to the increase in rate of migration 
of vacancies and interstitial oxide ions. The drop in conductivity above 230"C is 
due to the collapse of the fluorite framework, since on cooling the higher 
conductivity is regained and no significant hysteresis takes place (Figure 3.3a 
and b). This supported the argument of lattice collapse and its subsequent 
recovery on cooling, employing restructuring of the sublattice. Such type of 
decrease in the conductivity has been reported earlier [18 - 20]. 
Pure Zr02 shows a rise in conductivity from about 460°C, due to its phase 
transition from monoclinic to tetragonal, which starts around 460 - 500°C, and is 
completed around 1160 "C [21, 22]. We therefore conclude that the second rise in 
conductivity around 500°C in the doped samples is due to this phase transition of 
Zr02. This has been ftirther confirmed by DTA of the pure and samples of Zr02, 










720 500 380 








— •—«<«) Cr^Oj 
-A—6<Vb Cr^Oj 
—^^4<yb Cr^Oj 
_4_1<M) Cr^ O^ 
— ?*f—lure ZrO. 
1.D 1.5 2.0 

















—•— Heating mode 






' • '^ i . 




















10^ /T (K *) 
Figure 3.3. The temperature dependence of electrical conductivity of 
Cr203-doped-Zr02 in heating and cooling mode with (a) lower 
dopant content (2% Cr203) and (b) higher dopant content 
(8% CrzOa). 
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Conductivity variation with temperature for all the samples has also been 
studied at 1 kHz, 120 Hz and 100 Hz as well, and it was found that the change 
in frequency does not induce any change in the electrical conductivity behavior. 
The activation energies Eai and Ea2 for the temperature ranges 460''C -
700°C and 720°C - 900''C have been calculated in Table 1. A commonly 
accepted method to study the non-linear Arrhenius behavior is to fit the 
experimental data by two straight lines, one each in the lower and higher 
temperature ranges. Such treatment is based on the idea [23] that there are two 
kinds of oxygen vacancies in the materials: one being free and the other 
forming clusters. In the higher temperature range, it was usually assumed that 
all the oxygen vacancies are free and the activation energy reflects only the 
migration energy for the oxygen vacancies [24]. In this CraOa doped Zr02 
system, activation energy for the ionic motion in the high temperature range 
increases with increase in concentration of Cr203 [12]. 
Table 1 
























3.3.2. Differential thermal analysis 
The results of DTA are shown in Figure 3.4. Presence of an exothermic peak at 
the temperature 460°C confirms the phase transition in Zr02 from monoclinic 
phase to tetragonal phase. As is evident from the figure, on doping Zr02 with 
Cr203 the exothermic peak shifts to higher temperatures. The degree of shift 
increases and the peak gets broader with increasing chromium content. Hence, 
we conclude that in the doped samples the phase transition from monoclinic to 
tetragonal form takes place at temperatures above 460"C. 
3.3.3. X-ray powder diffraction 
The ionic size of Cr^ ^ and Zr'*^  are 0.64 A and 0.79 A. The modelling has 
clearly shown that the good oxygen ion conductors are highly desirable when 
the crystal lattice is as undisturbed as possible i.e. when the sizes of the host 
and dopant ions are close [2, 11]. 
The X-ray patterns of Zr02, Cr203 and Cr203doped Zr02 samples are shown 
in Figure 3.5. The doped samples annealed at 1000°C, consists of a mixture of 
two phases of Zr02: tetragonal and monoclinic, as it can be inferred from the 
presence of three diffraction peaks in the region 26° to 32° (Figure 3.5). These 
XRD lines are attributed to the tetragonal phase and the monoclinic phase [25]. 
Upon increasing the concentration of dopant, the tefragonal Zr02 gradually 
increases. It may therefore be concluded that the phase composition is 
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Figure 3.5. X-ray diffraction patterns for CvjOi, - ZrOi system at room 
temperature after annealing. 
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3.4. Conclusion 
The Electrical conductivity of ZrOi in the temperature range 90 - 400"C is 
considerably enhanced on doping with CxjOi, reaching maximum at 230"C. 
This increase in conductivity increases with increase in concentration of Cr203 
and reaches a maximum for 6-mol% of Cr203. Thereafter it decreases as defect 
concentration becomes maximum at 230^C. The second rise in conductivity 
above 460"C is due to phase transition of Zr02 from monoclinic to tetragonal. 
The activation energy is also found to increase with increase in concentration of 
Cr203 at higher temperatures. This is due to increase in the defect concentration 
due to oxygen. 
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Study of ^CectricaC Conductivity Changes and 
(Pfiase transitions in V2O5 (DopedZr02 
CHAPTER 4 
4.1. Introduction 
The transition-metal oxides attract a lot of attention due to their interesting 
physical and chemical properties, which arise from the narrow d states and their 
hybridi/ation with the ligand p orbital. Among (his large class of materials, ihc 
vanadium-oxygen system arouses special interest [1]. One such system is 
vanadium pentoxide, which is a semiconductor at all temperatures 
without exhibiting a phase transition [1 ,2 ] . 
Materials in the Zr02 - V2O5 binary system have received 
considerable attention because of their interesting optical and catalytic 
properties [3-6], The well-known vanadium-zirconium yellow 
baddeleyite ceramic-pigmented system has been used for years in the 
ceramic industry [6]. 
Zirconia-based solid oxide ion conductors are the best candidates for 
the electrolytes in the solid oxide fuel cells and oxygen sensors, because 
of high ionic and low electronic conductivity and stability under 
reducing and oxidizing atmospheres. Many reports on the conductivity 
of zirconia-based solid solutions with aliovalent cations have been 
published during the past decades [7 - 9 ] . These results suggested that 
the oxide ion conductivity in doped zirconia depended on the 
concentration, the valance, and the ion size of dopant cation [9]. 
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At ambient pressure, pure ZrOi exists in three basic polymorphs: cubic 
(Fm3m), tetragonal (P42/nmc) high temperature phases and a monoclinic 
(P2,/c) phase stable at room temperature [10 -14]. This material is often 
combined with cationic dopants, which contribute to stabilization of the 
tetragonal phase at low temperatures [15]. Kilner and Steele reviewed the 
transport properties of the doped fluorite oxide [16], which emphasized the 
role played by the interaction between the oxide vacancies and dopant cations. 
This chapter presents the study of effect of V2O5 doping in Zr02. The 
effect of dopant concentration and temperature on the electrical conductivity 
was studied. 
4.2. Experimental 
4.2.1. Sample preparation 
The samples were prepared by mixing the appropriate amount of Zr02 
(99.99%, Aldrich) and V2O5 (99.99% Merck) without further purification. 
The solid mixtures that contained different amounts of V2O5 doping (2, 4, 6, 
and 8 mol percent V2O5) were prepared. The materials in the above ratios 
were mixed and grinded in an agate mortar and then pressed at a pressure 
level of 490 MPa with the help of hydraulic press (Spectralab Model SL-89) 
to prepare the samples in the form of pellets having diameter of 2.4 cm and 
thickness 0.1 cm. The pellets were then annealed in a muffle furnace at 
950°C for 28 hours. 
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4.2.2. Conductivity measurements 
The a.c. conductivity measurements were measured in the temperature range 
30-900 °C using a GENRAD 1659 at different frequencies (lOkHz, IkHz, 120Hz, 
lOOHz), by means of the two-probe method. The rate of heating was maintained at 
rC/min. 
4.2.3. Differential thermal analysis 
Perkin Elmer 7 thermal analysis system was used to determine the differential 
thermal analysis (DTA) of the various molar compositions. The heating 
temperature rate was 20"C/min. 
4.2.4. X-ray powder diffraction 
Powder diffraction data of the samples were recorded with Philips 1820-X-ray 
Diffractomeler with monochromator CuKa radiation operated at 40 kV and 40 
mA. Diffraction patterns were scanned by steps 0.002° (20) over the angle rang 
20 - 80" (20). 
4.3. Results and discussion 
4.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne^ ?L'vy/kT exp (-AG*/kT) (4.1) 
- ne' X' vy/kl' exp (ASVk-AhVkT), (4.2) 
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where n is the number of ions per unit volume, e the ionic charge, X, the 
distance between two jump positions, v the jump rrequeney, y the intersite 
geometry constant and AG*, AS* and AH* are activation free energy, entropy, 
and enthalpy terms respectively. The equation can be written in a simpler form 
as, 
a T = ao exp (- Ea/kT) (4.3) 
OQ being equal to ne^ X^ vy/k exp (AS*/k) and AH*= Ea, the activation enthalpy 
equals the experimental activation energy for ionic motion [17]. 
Figure 4.1 shows the isotherms for log aT vs mol% V2O5. The electrical 
conductivity of ZrOi increases with increasing vanadium ion substitution and 
reaches to a maximum for 4-mol% V2O5. The rise in conductivity with 
increasing addition of V2O5 is probably due to intermediary role of interstitial 
oxygen ions [18]. A decrease in conductivity takes place on further addition 
of V2O5. Taking into account the ionic radii of 0.72A for V *^ and 0.79A for 
Zr^' ions [19] it is consistent with the formation of VxZri.x02 substitutional 
solid solution. Depending on the annealing temperature, V2O5 shows 
deviations from stoichiometry as vanadia partially dissociates and looses 
some oxygen. This process involves partial reduction of V^^ ions and leads 
to the formation of vanadium with lower oxidation states even in presence 
of air [20]. The paramagnetic point defects have been identified as an 
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Figure 4.1. Compositional variation of room temperature conductivity of 
V2O5 in Z r 0 2 . 
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V^ i^ons can directly replace Zx"^ ions in the cationic sublattice of Zr02 as it 
possesses similar charge and almost equal cationic radius. 
The variation in conductivity measured at 10 kHz, with temperature for 
Zr02-V205 system is shown in Figure 4.2. It may be seen that the conductivity 
variations for the various compositions follow a uniform pattern. As is evident 
from Figure 4.2, conductivity of all the doped samples initially increases with 
rise in temperature till 300"C and then decreases. The initial increase in 
conductivity with rise in temperature is due to the increase in rate of migration 
of interstitial oxygen ions [22] as interstitial oxygen ions are responsible for 
ionic conduction in our samples. A marked drop in conductivity above 300°C 
was considered to be due to collapse of the fluorite framework, since on 
cooling, the higher conductivity is regained and no hysteresis was observed 
(Figure 4.3). Fhis supported the argument of lattice collapse, and its subsequent 
recovery on cooling, employing restructuring of the sublattice. Such type of 
decrease in conductivity has been reported earlier [23 -25]. 
A rise in conductivity from about 460°C takes place for pure Zr02, due to its 
phase transition from monoclinic to tetragonal, which starts around 460 - 500°C 
and completed around 1160''C [26, 27]. But this phase transition in V2O5 doped 
Zr02 is found to be delayed till about 720T which is indicated by the sharp, 
second rise in conductivity. This was further confirmed by the presence of an 
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Figure 4.3. The temperature dependence of electrical conductivity of 
V205-doped-Zr02 in heating and cooling mode with higher 
dopant content (8% V2O5). 
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Conductivity variation with temperature for all the samples has also been 
studied at IkHz, 120Hz and lOOHz as well, and it was found that the change in 
frequency does not induce any change in the electrical conductivity behavior. 
Calculated values of Ea as a function of mol % of V2O5 in the temperature 
range 700°C - 900°C are shovm in Table 1. As seen in the Table, activation 
energy value is almost constant. It may confirm the correlation of the constant 
values in E.^ , which is a function of the electronic energy levels of the 
chemically interacting atoms. Constancy of Ea implies that crystallographic 
surroundings of the constituents of conduction, that are oxygen ions and 
vacancies, do not exhibit any appreciable change with increasing doping rate. 
Higher doping rate introduces more defects into the structure. Interstitial 
oxygen ions that are introduced into the lattice by doping with V2O5 also 
contribute to the migration process via playing an intermediary role [18]. 
Table 1 
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4.3.2. Differential thermal analysis 
DTA curves of ZrOi, 2, 4 and 8-mol% V2O5 samples are seen in Figure 
4.4. Presence of an exothermic peak in the curve of pure ZrOi at 460''C 
confirms the phase transition in Zr02 from monoclinic phase to tetragonal 
phase. This phase transition in 2, 4 and 8-mol% V2O5 samples are 
exhibited by exothermic peaks at 720, 723 and 726"C respectively. As is 
evident from the figure, doping Zr02 with V2O5 shifts the phase transition 
of Zr02 to higher temperatures. 
4.3.3. X-ray powder diffraction 
Depending on the temperature, pure Zr02 exists in three polymorphic 
forms [28, 29]. The tetragonal phase persists up to 1160"C and its 
presence at low temperatures is related to impurities [30 - 32]. 
The Zr02-V205 system annealed at 1000°C, consists of a mixture of 
two phases of ZrO?: tetragonal and monoclinic, as it can be inferred from 
the presence of three diffraction peaks in the region 26" to 32° 29 (Figure 
4.5). These XRD lines are attributed to the tetragonal phase (marked 
with T) and the monoclinic phase (marked with M) [33]. Upon 
increasing the concentration of dopant (V2O5), the tetragonal Zr02 
gradually increases. It may therefore be concluded that the phase 
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Figure 4.5. X-ray diffraction patterns for V2O5- ZrOi system at room 
temperature after annealing. 
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4.4. Conclusion 
Electrical conductivity of Zr02 doped with V2O5, which arises due to migration 
of oxygen ions, increases with increase in V2O5 concentration and also with 
rise in temperature. Though in pure Zr02, the phase transition from monoclinic 
to tetragonal takes place at 460''C but in all the doped compositions, this phase 
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Study of ^[ectricaCConductivity CUdnges and 
(pfiase ^transitions inJLgzO (DopedZr02 
CHAPTER 5 
5.1. Introduction 
The outstanding physical properties of advanced materials have triggered an 
increasing interest in these materials during the last decade. In particular, 
zirconia-based systems have received much attention because of their excellent 
mechanical and electrical properties [1 -4 ] . 
Zirconia has been widely used as chemical gas sensors, oxygen separators and 
oxygen conductor in electrochemical devices, such as solid oxide fuel cells. An 
important property of Zr02 used in many applications is its ion conductivity, 
mediated by oxygen vacancies. The concentration of vacancies can be varied by 
dopants. Dopants also influence the crystal structure of zirconia [5]. 
Pure zirconia has a monoclinic structure up to a temperature of about 
1173 °C, where it changes to the tetragonal modification. At temperatures above 
2370°C zirconia adopts a cubic structure [1,5-8]. Although it is known that at 
high temperatures oxygen vacancies or defect clusters are associated with 
structural stability of/.irconia [9 - 14], little is known about the effect of the 
anion vacancy on the transformation of zirconia at low temperatures [14]. The 
stability of high temperature phases of zirconia (tetragonal and cubic) is known 
to be critically dependent on the number of oxygen vacancies generated to 
maintain charge neutrality on doping and, thus the high temperature phases are 
stabilized. The cubic phase is unstable at room temperature, but can be 
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stabilized by doping Zr02 with aliovalent cations [15 -19]. The tetragonal 
phase can also be stabilized at room temperature by incorporation of cation 
impurities [20]. 
This chapter presents the study of variation of electrical conductivity' as a 
function of temperature in Zr02 doped with different mol % of Ag20. X-ray 
powder diffraction recorded at high temperature show the effect of doping and 
the phase relationships of doped materials. 
5.2. Experimental 
5.2.1. Sample preparation 
Zr02 (Aldrich, 99.99 % pure) was doped with 2, 4, 8 and 15-mol% of Ag20 
(Merck, 98% pure). The materials in the above ratios were mixed and 
grinded in an agate mortar and then pressed at a pressure of 490 MPa with 
the help of hydraulic press (Spectralab Model SL-89) to prepare the 
samples in the form of pellets having diameter of 2.4cm and thickness 
0.1cm. These pellets were then annealed at 850°C for 28 hours in a muffle 
furnace. 
5.2.2. Conductivity measurements 
The a.c. conductivity measurements were carried out by the two-probe 
method in the temperature range 30 - 800"C using a GENRAD 1659RLC 
Digibridge at different frequencies (lOkHz, IkHz, 120Hz and lOOHz). The rate 
of heating was maintained at l°C/min. 
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5.2.3. Differential thermal analysis 
Differential thermal analysis was performed by Setaram TG-DTA 92 in air and 
the heating rate was 20°C per minute. 
5.2.4. X-ray powder diffraction 
Powder diffraction data of the samples were recorded with Panalitical 
Diffractometer with monochromator CuKa radiation operated at 40 kV and 40 
mA. Diffraction patterns were collected in a 20 range of angle 20 - 45°. 
5.3. Results and discussion 
5.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne^ X^ vy/kT exp (-AG*/kT) (5.1) 
= ne^ X^ vy/kT exp (AS*/k-AH*/kT), (5.2) 
where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the intersite 
geometry constant and AG*, AS* and AH* are activation free energy, entropy 
and enthalpy terms respectively. The equation can be written in a simpler form as 
a T = ao exp (-Ea/kT), (5.3) 
Go being equal to ne^ X^ vy/k exp (AS*/k) and AH*= Ea, the activation enthalpy 
equals the experimental activation energy for ionic motion [21]. 
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Doping of Zr02 is acliieved by substitution of the host cation by lesser 
valent Ag^ and this leads to creation of anionic vacancies. Increasing the 
concentration of Ag^, increases the number of vacancies, which gives rise to 
increased vacancy migration and thus, results in higher conductivity [22]. 
Moreover, the conductivity also rises due to 'lattice loosening effect' [23 - 25]. 
The introduction of larger Ag^ ion (rAg^  = 1.26 A and rzr"*^  = 0.79 A) generates 
additional free volume and weakens the lattice bonding forces, which permits 
greater facility to oxygen mobility and thus increases conductivity. This 
increase in conductivity with increase m concentration of Ag^ at room 
temperature is shown in Figure 5.1. 
The color of aimealed samples follow a gradual change from black to gray 
and this color change is parallel to increase in percentage of Ag20 (2, 4, 8 and 
15-mol%). The color change phenomenon may be considered to be related to 
the degree of nonstoichiometry. Increasing coloration in Ag20-doped Zr02 
system indicates an increasing nonstoichiometry with increasing addition ratio. 
As a result, samples should contain more defects at higher Ag20 levels. 
Oxygen nonstoichiometry in samples is related with oxygen vacancies and 
interstitials oxygen ions. Since migration of vacancies and interstitial oxygens 
contribute to electrical conductivity, we observed a higher conductivity in 
the doped samples. The existence of oxygen vacancies in the crystal structure 




Figure 5.1. Compositional variation of room temperature conductivity of 
Ag20 in ZrOj. 
91 
Point') may be occupied by electrons through a Hght absorption mechanism. 
Oxide ion vacancies are also involved in the electrical conduction mechanisms 
[26]. 
The variation in conductivity with temperature for pure Zr02, Ag20 and 
various doped samples at 10 kHz is shown in Figure 5.2. Similar pattern of 
electrical conductivity is exhibited by all the compositions. The conductivity of 
the doped samples increases with rise in temperature, attains a maximum at 
180"C and then decreases. The initial increase in conductivity with rise in 
temperature is due to increase in the rate of migration of vacancies and 
interstitial oxygen ions. The drop in conductivity beyond 180"C is due to 
collapse of the fluorite framework, since on cooling, the higher conductivity is 
regained and no hysteresis is observed (Figure 5.3). This supported the 
argument of lattice collapse, and its subsequent recovery on cooling, employing 
restructuring of the sublattice. Such type of decrease in the conductivity has 
been reported earlier [25, 27, 28]. 
Pure Zr02 shows a rise in conductivity from about 460"C, due to its phase 
transition to tetragonal (ZrOo is known to undergo a phase transition from 
monoclinic to tetragonal, which starts around 460 - 500"C, and is completed 
around 1160"C [29, 30]). All the doped samples studied by us show a second 
rise in conductivity at temperatures beyond 460"C. it was observed, that this rise in 
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Conductivity variation with temperature for all the samples has also been 
studied at IkHz, 120Hz and lOOHz as well, and it was found that the change m 
fi-equency does not induce any change in the electrical conductivity behavior. 
The activation energies Eai and Ea2 for the temperature ranges 460°C -
680''C and 700°C - 800°C have been calculated in Table 1. A commonly 
accepted method to study the non-linear Arrhenius behavior is to fit the 
experimental data by two straight lines, one each in the lower and higher 
temperature ranges. Such treatment is based on the idea [31] that there are two 
kinds of oxygen vacancies in the materials: one being free and the other 
forming clusters. In the higher temperature range, it was usually assumed that 
all the oxygen vacancies are free and the activation energy reflects only the 
migration energy for the oxygen vacancies [32]. In this Ag20 doped Zr02 
system, for the ionic motion, activation energy in the high temperature range 
increases with increase in concentration of Ag20 [21]. 
Table 1 
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5.3.2. Differential thermal analysis 
The results of DTA are shown in Figure 5.4. For pure ZrOa, the DTA 
curve shows an exothermic peak at 460''C due to the phase transition of 
Zr02 from monoclinic to tetragonal. As is evident from the Figure 5.4, 
on doping Zr02 with AgaO the exothermic peak shifts to slightly higher 
temperatures. The degree of shift increases and the peak gets broader 
with increasing silver content. These results are in good agreement with 
conductivity results described above. 
5.3.3. X-ray powder diffraction 
The X-ray diffractograms of Ag20 doped Zr02 recorded at 600°C and 
1000°C, and are shown in Figure 5.5 (a) and (b) respectively. In the 
diffractogram recorded at 600°C, large diffraction peaks, indicated by M, 
are attributed to the monoclinic phase of Zr02 (reflections at 28.6° and 
31.8*^ ) and one small diffraction peak is observed for tetragonal phase of 
Zr02 indicated by T (reflection at 30.3") in Figure 5.5 (a). However 
when the samples were recorded at 1000*'C (Figure 5.5 (b)), more intense 
peak for tetragonal phase of Zr02 was obtained along with the peaks for 
monoclinic phase of Zr02. Upon increasing the concentration of dopant, 
the tetragonal Zr02 gradually increases. It may therefore be concluded 
that the phase composition is influenced by the temperature as well as by 
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Figure 5.5(b). X-ray diffraction patterns for AgjO - Zr02 system at 1000"C. 
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5.4. Conclusion 
The electrical conductivity of Zr02 is found to be enhanced in the temperature 
range 140 - 230°C, on doping with 8 and above mole percent of Ag20 due to 
migration of vacancies. Phase transition of Zr02 from monoclinic to tetragonal 
form at 460°C is confirmed by a rise in conductivity and by an exothermic peak 
in DTA curves. But in the doped samples, Zr02 is found to undergo this phase 
transition at slightly higher temperatures. No effect of change in frequency was 
observed on the electrical conductivity behavior. 
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Study of ^[ectricaC Conductivity Chcinges and 
(pfiase Transitions in TiOz OopedZrOz 
CHAPTER 6 
6.1. Introduction 
Many studies have been done, experimental as well as theoretical, on the 
electronic and structural properties of titanium dioxide. Titanium dioxide is 
known to occur in two phases: rutile and anatase. However, only the rutile 
phase has been studied extensively. Rutile is an important rock-forming 
mineral and the most abundant titanium dioxide polymorph in nature. In 
addition, most crystal-growth techniques basically yield titanium dioxide in the 
rutile phase. Anatase is less dense than rutile and is also found to be less stable 
[1, 2]. It is well known, that titanium dioxide appears as high-pressure phases 
that are isostructural with columbite (orthorhombic a-Pb02) and baddeleyite 
(monoclinic Zr02) [1, 3, 4]. 
Zirconia-based ceramics have numerous applications. While pure zirconia 
(Zr02) is used as a refractory material, when doped with aliovalent ions it has 
structural applications. In particular, to produce a ceramic that is both strong 
and tough, doping can control the monoclinic-to-tetragonal transition. 
Moreover, doping with lower valent cations introduces oxygen vacancies 
whose high mobility leads to high ionic conductivity that is exploited in, for 
example, solid electrolytes for high-temperature fuel cells and in gas sensors 
[5]. The high oxygen vacancy concentration gives rise to high oxygen-ion 
mobility. Oxygen-ion conduction takes place in stabilized Zr02 by movement 
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of oxygen ions via vacancies. Over a wide range of temperature, the ionic 
conductivity of stabilized ZrOi is independent of oxygen partial pressure over 
several orders of magnitude [6]. 
Ti02 - Zr02 system has been used in a wide range of applications, such as 
electronic industry (useful dielectric properties in the microwave frequency 
regime), high-temperature pigments, technical and structural ceramics [7-17] . 
Wang et al. have reported that the composition of Ti02 - Zr02 affects the 
resultant surface area and activity [18]. It should be noted that in a previous 
research, Daly et al. concluded that the preparation methodology for Ti02 -
Zr02 not only affects its physical properties, such as surface area and porosity, 
but also its surface chemistry [19]. 
This work was carried out in order to investigate the effect of Ti02 doping in 
Zr02. The effects of temperature and doping ratio, on electrical conductivity of 
Zr02 were investigated. X-ray powder diffraction and DTA were done to study 
the effect of doping and the phase relationships of materials. 
6.2. Experimental 
6.2.1. Sample preparation 
Zr02 (Aldrich, 99.99 % pure) was doped with 2, 4, 6 and 8 mol percent of Ti02 
(Merck, 98% pure). The materials in the above ratios were mixed and grinded 
in an agate mortar and then pressed at a pressure level of 490 MPa with the 
help of hydraulic press (Spectralab Model SL-89) to prepare the samples in the 
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form of pellets having diameter of 2.4 cm and thickness 0.1 cm. These pellets 
were then annealed at 1000°C for 28 hours in a muffle furnace. 
6.2.2. Conductivity measurements 
The a.c. conductivity measurements were carried out by the two-probe method 
in the temperature range 30 - 900"C using a GENRAD 1659RLC Digibridge at 
different frequencies (lOkHz, IkHz, 120Hz and lOOHz). The rate of heating 
was maintained at 1 °C/min. 
6.2.3. Differential thermal analysis 
Thermal analysis of the various molar compositions was performed by using 
DTA/TG system (Shimadzu DT-40 type) and heating rate was 20°C per minute. 
6.2.4. X-ray powder diffraction 
Powder diffraction data of the samples were recorded with XTRA 50 made by 
Thermo Electroon 2 Diffractometer with monochromator CuKa radiation 
operated at 40 kV and 40 mA. Diffraction patterns were scanned by steps 
0.002" (28) over the angle rang 20 - 80° (26). 
6.3. Results and discussion 
6.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity is expressed by the 
Arrhenius equation: 
a = ne^ X^ vy/kT exp (-AG*/kT) (6.1) 
= ne^ A,^  vy/kT exp (AS*/k-AH*/kT), (6.2) 
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where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the intersite 
geometry constant and AG*, AS* and AH* are activation free energy, 
entropy and enthalpy terms respectively. The equation can be written in a 
simpler form as, 
a T = CToexp(-Ea/kT), (6.3) 
Go being equal to ne^A,^vy/kexp(AS*/k) and AH*= Eg, the activation 
enthalpy equals the experimental activation energy for ionic motion [20]. 
Figure 6.1 shows the rise in isothermal conductivity as the level of 
substitution increases, at room temperature. In general zirconia-based materials, 
lower valent cations (Ca^ ,^ Y"'^ ) enhance the ionic conductivity by substituting 
normal zirconium sites and creating additional ionic charge carriers (in this 
case, oxygen vacancy) to maintain charge neutrality. Creation of the additional 
oxygen vacancies over intrinsic anionic Frenkel defects is a very important 
factor for the application of zirconia as a solid electrolyte [21]. The 
stabilization process of Ti02-Zr02 system is quite different from that of general 
cases of addition of aliovalent cations. In this case Ti'*^  ion occupying a 
zirconium site cannot introduce any additional oxygen vacancy, as zirconium 
ion and titanium ion are isovalent. 
Nevertheless, it is known that the oxygen vacancy formation can also be 




Figure 6.1. Compositional variation of room temperature conductivity of 
Ti02 in ZrOj. 
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and host cations, and thus the enhancement of the ionic conductivity can be 
observed even in the case of isovalent doping [21 - 24]. The size of Ti ^  
(0.68A) is lesser than Z/* (0.79A) and consequently this size difference could 
encourage the creation of oxygen vacancies. This phenomenon is often called 
as "size effecf [21, 25]. It is normally recognized that the size difference 
between dopant and host ions causes the distortion of lattice structure and 
lowers the activation energy of oxygen vacancy formation [25]. 
We therefore conclude, that the rise in conductivity with increase in 
concentration of Ti02 is due to migration of oxygen vacancies, created as a 
result of 'size effect'. 
The variation in conductivity measured at 10 kHz, with temperature for 
Ti02-Zr02 system is shown in Figure 6.2. It may be seen that the conductivity 
variations for the various compositions follow a uniform pattern. As is evident 
from Figure 6.2, conductivity of all the compositions initially increases with 
rise in temperature till 200°C and then decreases. The initial increase in 
conductivity with rise in temperature is due to increase in rate of migration of 
vacancies and interstitial oxygen ions [26]. Interstitial oxygen ions are partly 
responsible for ionic conduction in samples. A marked drop in conductivity 
above 200"C was considered to be due to collapse of the fluorite framework, 
since on cooling, the higher conductivity is regained and no hysteresis is 
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Figure 6.3. The temperature dependence of electrical conductivity of 
Ti02-doped-Zr02 in heating and cooling mode with higher 
dopant content (8% TiOj). 
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subsequent recovery on cooling, employing restructuring of the sublattice. Such 
type of decrease in conductivity has been reported earlier [27 -29]. 
A rise in conductivity from about 460°C takes place for pure ZrOa, as its 
phase transition from monoclinic to tetragonal starts around 460-500"C, 
and is completed around 1160"C [30, 31]. All the doped samples also show 
a second rise in conductivity due to this phase transition of Zr02, in the 
temperature range 460-500°C. It was observed, that this rise in conductivity 
shifts to higher temperatures as the percentage of Ti02 increases. 
Conductivity variation with temperature for all the samples has also 
been studied at 1 kHz, 120Hz and 1 OOHz as well, and it was found that the 
change in frequency does not induce any change in the electrical 
conductivity behavior. 
The activation energy Ea for various molar ratios, has been calculated in 
the temperature ranges 500 - TOO^ 'C and 720 - 900°C, and shown in Table 1. 
As seen in the Table, activation energy value is almost constant. It may 
confirm the correlation of the constant values in Ea, which is a function of 
the electronic energy levels of the chemically interacting atoms. Constancy 
of Ea implies that crystallographic surroundings of the constituents of 
conduction, that are oxygen ions and vacancies, do not exhibit any 
appreciable change with increasing doping. Higher doping introduces more 
defects into the structure [32]. 
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Table 1 
Activation energies for various molar ratios at different temperature ranges 
Sample Composition 





Activation Energy (ev) 
Eal Ea2 





6.3.2. Differential thermal analysis 
The results of DTA are shown in Figure 6.4. For pure Zr02, the DTA curve 
shows an exothermic peak at 460°C due to the phase transition of ZrOi from 
monoclinic to tetragonal. As is evident from the figure, on doping Zr02 with 
Ti02 the exothermic peak shifts to higher temperatures. We therefore conclude 
that the phase transition of Zr02 shifts to higher temperatures on doping. These 
results are in good agreement with the conductivity results described earlier. 
6.3.3. X-ray powder diffraction 
The X-ray diffractogram for 4 and 8-mol% Ti02 recorded 800°C, 900°C and 
1000"C, and are shown in Figure 6.5 (a) and (b) respectively. In the 
diftractograms recorded at 800°C, for 4-mol% TiOj (Figure 6.5 a) and 8-mol% 
Ti02 (Figure 6.5 b), large diffraction peaks, indicated by M, are attributed to the 
monoclinic phase of Zr02 (reflections at 28.6" and 31.8") and one small diffraction 
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Figure 6.4. DTA curves for Ti02 - ZrOi system. 
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However, when the diffractograms for the same samples were recorded at 
900"C and 1000"C, more intense peak for tetragonal phase of Zr02 was 
obtained along with the peaks for monoclinic phase of Zr02. This is due to the 
fact, that upon increasing the concentration of dopant, the tetragonal Zr02 
gradually increases. Higher temperature phases are said to be retained at lower 
temperatures by doping [33-35]. It may therefore be concluded that the phase 
composition is influenced by the presence of dopant [36]. 
6.4. Conclusion 
The electrical conductivity of Zr02 is found to be enhanced markedly in the 
temperature range 120-300''C, on doping with Ti02. Initially the 
conductivity increases with temperature due to increase in rate of migration 
of vacancies and interstitial oxygen ions, and then decreases beyond 220°C 
due to collapse of the fluorite framework. A second rise in conductivity and 
an exothermic peak in DTA at 460°C confirm the phase transition in pure 
Zr02 from monoclinic to tetragonal but in the doped samples this transition 
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Figure 6.5(a). X-ray diffraction patterns for 4-mol% TiOjat different 
temperatures. 
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Study of ^fectricaC Conductivity Changes and 
(phase ^transitions in C03O4 (DopedZr02 
CHAPTER 7 
7.1. Introduction 
Spinel oxides based on two 3-d transition metals (Mn and Co), have been well 
studied due to their outstanding semiconducting properties. Their field of 
application concern mainly temperature sensing devices, such as the negative 
temperature coefficient (NTC) thermistors [1]. Oxides based on three transition 
metals (Mn, Ni, Co) have also been described in the literature, but most of the 
work has been focused on varying cation composition and structural and 
electrical properties. 
Zirconia-based ceramics are widely studied because of their excellent 
electrical and mechanical properties. They are applied in electrochemical cells 
(fuel cells, oxygen sensors, oxygen pumps, etc.) due to their high oxide-ion 
conductivity at elevated temperatures [2 - 4], Furthermore, they are tough, 
wear resistant and show low heat conductivity, so these materials are useftil 
from the structural point of view [4 -6 ] . 
The general features of pure Zr02 are well known. The low temperature 
stable monoclinic phase of Zr02, martenstically transforms into tetragonal 
phase at 1160"C [7, 8] and then this tetragonal phase undergoes transition to a 
cubic phase above 2370"C [9]. Both monoclinic and tetragonal phases have 
distorted fluorite structures, and the phase transitions among them are 
diffusionless in nature [10]. 
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This chapter presents the study of the effect of doping Zr02 with different 
percentages of C03O4. The phase relationship of sample series of doped and 
undoped materials was also examined by X-ray powder diffraction and DTA 
studies. 
7.2. Experimental 
7.2.1. Sample preparation 
Zr02 (Aldrich, 99.9% pure) and C03O4 (Sisco-chem Industries, India, 99% 
pure) were used as such. The percentage of Zr02 is fixed while the percentage 
of C03O4 was varied. Pellets of various molar ratios of Zr02:Co304 (1:0, 
1:0.02, 1:0.04, 1:0.06, 1:0.08 and 0:1) were prepared by applying a pressure 
of 490 MPa with the help of a hydraulic press (Spectralab Model SL-89). These 
pellets having diameter 2.4 cm and thickness 0.1 cm were then annealed at 
850"C for 25 hours in a muffle furnace. 
7.2.2. Conductivity measurements 
The a.c. conductivity measurements were measured in the temperature range 
30-900''C using a GENRAD 1659 at different frequencies (10 kHz, 1 kHz, 
120 Hz, 100 Hz), by means of the two-probe method. The rate of heating was 
maintained at 1 "C/min. 
7.2.3. Differential thermal analysis 
Thermal analysis was performed in air by Perkin Elmer 7 TG/DTA and the heating 
rate was 20°C / minute. For each experiment, 10 ~15 mg of sample was used. 
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7.2.4. X-ray powder diffraction 
X-ray powder diffraction data were collected at room temperature on Philips 
PWl050/30 X-ray diffractometer, using Ni filtered CuKa radiation {X = 
1.5418 A). 
7.3. Results and discussion 
7.3.1. Conductivity studies 
The temperature dependence of the ionic conductivity expressed by the 
Arrhenius equation 
a = ne^ X^ vy/kT exp (-AG*/kT) (7.1) 
= ne^ X^ vy/kT exp (AS*/k-AH*/kT), (7.2) 
where n is the number of ions per unit volume, e the ionic charge, X the 
distance between two jump positions, v the jump frequency, y the intersite 
geometry constant and AG , AS and AH are activation free energy, enfropy 
and enthalpy terms respectively. The equation can be written in a simpler form 
as, 
a T - oo exp (- Ea/kT), (7.3) 
oo being equal to ne^A,^ vy/kexp(AS*/k) and AH*= Ea, the activation enthalpy 
equals the experimental activation energy for ionic motion [11]. 
Doping of Zr02 is achieved by substitution of the host cation by lesser 
valent Co "^  and this leads to creation of oxygen vacancies. Creation of 
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vacancies give rise to migration of oxide ions vacancies and hence result in 
higher conductivity. Increasing the C03O4 concentration leads to the 
introduction of more vacancies in the lattice. Besides, some oxide ions present 
as interstitials also contribute to conductivity [12]. Figure 7.1 shows the rise in 
isothermal conductivity as the level of substitution increases. 
Variation in ionic conductivity of various compositions of Zr02: C03O4 
(1:0, 1:0.02, 1:0.04, 1:0.06, 1:0.08 and 0:1) measured at 10 kHz, is plotted 
against temperature in Figure 7.2. It may be seen from the figure that the 
conductivity variations for the various compositions follow a similar pattern. 
However as the concentration of C03O4 increases, the sharp rise in conductivity 
is more obvious. As explained earlier this rise in conductivity with 
concentration of C03O4 is due to increase in number of oxygen vacancies. All 
compositions show an initial sharp rise in conductivity with increase in 
temperature till 120°C and thereafter show a decreasing trend. This initial rise 
in conductivity with increase in temperature is due to increase in rate of 
migration of vacancies and interstitial oxide ions. 
The drop in conductivity beyond 120°C is due to collapse of the fluorite 
framework, since on cooling the higher conductivity is regained (Figure 7.3). 
This supported the agreement of lattice collapse, and its subsequent recovery on 
cooling, employing restructuring of the sublattice. Such type of decrease in 











Figure 7,1. Compositional variation of room temperature conductivity of 
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Figure 7.3. The temperature dependence of electrical conductivity of 
Co304-doped-Zr02 in heating and cooling mode with higher 
dopant content (8% C03O4). 
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Pure ZrO: shows a second rise in conductivity from about 460"C as its 
phase transition from monoclinic to tetragonal begins at 460"C and is 
completed around 1160"C [16, 17]. All the doped samples studied by us 
also show a second rise in conductivity from 460"C. This second rise in 
conductivity in the doped samples around 460"C is due to phase transition 
of Zr02, from monoclinic to tetragonal. 
Conductivity variation with temperature for all the samples has also 
been studied at 1 kHz, 120 Hz and 100 Hz as well, and it is found that the 
change in frequency does not induce any change in conductivity behavior. 
The activation energies Eai and Ea2 for the temperature ranges 500°C 
- 700°C and 720°C - 900°C have been calculated in Table 1. A 
commonly accepted method to study the non-linear Arrhenius behavior is 
to fit the experimental data by two straight lines, one each in the lower 
and higher temperature ranges. Such treatment is based on the idea [18] 
that there are two kinds of oxygen vacancies in the materials: one being 
free and the other forming clusters. In the higher temperature range, it 
was usually assumed that all the oxygen vacancies are free and the 
activation energy reflects only the migration energy for the oxygen 
vacancies [19]. In this C03O4 doped Zr02 system, activation energy for 
the ionic motion in the high temperature range increases with rise in 
concentration of C03O4 [11]. 
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Table 1 







Activation Energy (ev) 
Eal Ea2 





7.2.2. Differential thermal analysis 
DTA was carried out for Zr02 and C03O4 doped Zr02 samples and the 
curves obtained are shown in Figure 7.4. Pure Zr02 shows an exothermic 
peak around 460°C due to phase transition of Zr02 from monoclinic to 
tetragonal [16, 17]. The doped samples show an exothermic peak between 
temperatures ranges 463-478°C, which correspond to the phase transition in 
Zr02. These peaks shift towards higher temperature side as the amount of 
C03O4 increases. 
7.2.3. X-ray powder diffraction 
The X-ray patterns of ZrOj, C03O4, and their doped compositions recorded 
at temperature are shown in Figure 7.5. The diffractograms for the doped 
samples show only monoclinic phase (m). Upon increasing the dopant 
(C03O4), concentration the monoclinic phase gradually decreases. They are 
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The Electrical conductivity of Zr02 is found to be considerably enhanced in 
temperature range 100-200"C, on doping with C03O4. The conductivity of Zr02 
increases with temperature due to increase in rate of migration of vacancies and 
interstitial oxygen ions, and then decreases beyond 180"C due to collapse of the 
fluorite framework. A second rise in conductivity and an exothermic peak in 
DTA at 460°C confirm the phase transition in pure Zr02 from monoclinic to 
tetragonal but in the doped samples this transition shifts to higher temperatures. 
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